dase. The phoM1206 gene could complement the phoM mutation in vivo. We purified PhoM1206 from the overproducing strain carrying the plasmid; it was autophosphorylated at a histidine residue in the presence of ATP, and the phospho-PhoM1206 phosphorylated PhoB. PhoM1206 could also transphosphorylate the product ofphoM-orf2, which is structurally homologous to phoB and located immediately upstream ofphoM. Although PhoR1084 that lacked the hydrophobic amino-terminal region of the native PhoR protein transphosphorylated PhoB, it could not phosphorylate PhoM-open reading frame 2. Therefore, cross talk by protein phosphorylation appears to occur from PhoM to PhoB but not from PhoR to PhoM-open reading frame 2. Transcription of the genes in the phosphate (pho) regulon of Escherichia coli, as exemplified by phoA, which encodes alkaline phosphatase (AP), is activated by the PhoB protein, which is phosphorylated by PhoR protein in cells grown under phosphate-limiting conditions (13, 14, 23, 27, 28, 31) .
The concentrations of Pi in the medium are monitored by Pi-binding protein localized in the periplasmic space, and the signal of the excess phosphate is transmitted by the products of the pst operon to PhoR protein (18) . Upon receiving the signal, PhoR inactivates PhoB as a transcriptional activator.
In phoR-defective strains, the pho regulon is expressed constitutively, and the expression is dependent on the functions of phoM and phoB (32) . Therefore, PhoM replaces the positive regulatory function of PhoR in the mutants by cross talking to PhoB.
We have reported that PhoR has autophosphorylation activity and that phospho-PhoR activates PhoB by transphosphorylation (13) , similarly to the other two-component regulatory systems of bacteria (19, 26) .
The nucleotide sequence of the phoM region showed an open reading frame (phoM-orf2), immediately upstream of phoM, that is highly homologous to PhoB (4) . Therefore, the PhoM and PhoM-open reading frame 2 (ORF2) pair appears to constitute a two-component regulatory system that may respond to unknown signals and regulate a set of genes.
In this work, we examined whether PhoM can phosphorylate PhoB and PhoM-ORF2 to study the mechanism of the cross talk between PhoM and PhoB.
MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophage. E. coli BW1896 [lac-524 phoR68 rpsL thi malT crp-72 A(chlG phoM thr)] was kindly supplied by B. L. Wanner. KBW1896, the same as BW1896 except for A(phoB-phoR), was described * Corresponding author.
previously (11) . RB791, a derivative of W3110 with laclIq L8 (3), was used for overproduction of a LacZ'-'PhoM fusion protein, PhoM1206. JM103 [A(pro-lac) supE thi(F' traD36 proAB lacIq lac AM15)] was used as a host for bacteriophage M13 (17) . pINB1 (14) was used for overproduction of PhoB protein. Plasmids pMY301 carrying phoR1084 (37) and pPM41 carrying phoM (15) were used for overproduction of truncated PhoR and PhoM proteins, respectively. Plasmids pUR290, and pUR291, which carry the lacZ gene with multiple cloning sites at the 3' end of the gene, were used to construct lacZ'-'phoM fusion genes (20) .
Media and enzyme assay. Luria-Bertani (LB) broth, LBagar plates, tryptone (T) broth, T-agar plates, and media used for growth of M13 phages were described previously (4) . To detect the AP phenotype, 5-bromo-4-chloro-3-indolyl-phosphate was added to agar plates at a final concentration of 40 ,ug/ml. The cells were assayed for AP activity as described previously (5) . Ampicillin was added to broth at 20 jig/ml and to agar plates at 100 ,ug/ml. The fusion gene was induced by 1 mM isopropyl-l-thio-,-D-galactoside (IPTG).
DNA manipulation and sequencing. Preparation of plasmid DNA, restriction enzyme digestion, agarose or polyacrylamide gel electrophoresis, DNA ligation, and transformation of cells with plasmid DNA were as described previously (7) . DNA sequences were analyzed by the dideoxy-chain termination method (21) , and manipulation of M13-derivative phages was as described previously (17) . An M13 sequencing kit, DNA polymerase (Klenow fragment), restriction enzymes, and phage T4 DNA ligase were purchased from Takara Shuzo Co., Ltd. (Kyoto, Japan). SacIl enzyme was purchased from New England BioLabs (Beverly, Mass.).
[y-32P]ATP (>5,000 Ci/mmol), [ between ,-galactosidase and PhoM that lacked a part or whole transmembrane domains in the amino-terminal half of the PhoM protein (Fig. 1A) , DNA fragments that contained various deletions in the 5'-end coding region of phoM were isolated from the M13mp9 clones that were used for DNA sequencing of the phoM operon (4) and inserted into the PstI-HindIII site of either pUR290 or pUR291 to construct in-frame lacZ'-'phoM fusion genes. Structures of the fusion genes on the plasmids are shown in Fig. 1B .
Overproduction and purification of PhoM1206. A 250-ml culture of RB791 cells harboring the phoM1206 plasmid was grown in LB broth containing ampicillin, and the cells were induced by IPTG when the optical density at 600 nm of the culture reached 0.5. The cells were harvested after 6 h of incubation with shaking and suspended in a 25 ml of TM buffer (20 mM Tris hydrochloride [pH 7.4], 10 mM MgCl2, 10 mM ,-mercaptoethanol). The cell suspension was sonicated and centrifuged at 40,000 x g for 1 h. These cells synthesized a large amount of a LacZ'-'PhoM chimeric protein of 139 kDa, a size which corresponded to that expected from the size of the phoM1206 gene (Fig. 2, lane 4) . The chimeric protein PhoM1206 was purified by affinity chromatography. To the supematant of the cell lysate, 5 M NaCl was added to a final concentration of 1.6 M. The sample was put on a TPEG-Sepharose column (29) , and the protein was eluted with a buffer containing 100 mM sodium borate (pH 10) and 10 mM ,B-mercaptoethanol (Fig. 2, lane 5) . The fractions containing PhoM1206 were pooled, dialyzed against 20 mM sodium phosphate buffer (pH 6.8), and then put on a hydroxylapatite (Bio-Rad) column. The protein was eluted with a 20 to 750 mM linear gradient of sodium phosphate buffer (pH 6.8). The fraction that eluted at a concentration of 80 mM sodium phosphate contained mostly the chimeric protein and its degradation product, which was similar in size to the intact P-galactosidase (116 kDa) (Fig. 2, lane 6) .
Preparation of the antiserum. Portions of the polyacrylamide gel containing PhoM1206 were cut out, and the protein was eluted from the gel with phosphate-buffered saline ( dithiothreitol) was incubated at 30°C for 20 min. The reaction was stopped by adding 8.3 pAl of the sample buffer for sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the reaction products were analyzed by electrophoresis and autoradiography.
Phospho-PhoM1206 was purified by TPEG-Sepharose affinity chromatography as described above after the reaction mixture containing PhoM1206 and [_y-32P]ATP was incubated at 30°C for 20 min and diluted 10-fold with TM buffer containing 1.6 M NaCl to stop the reaction. The fraction containing phospho-PhoM1206 was dialyzed against a buffer containing 20 mM Tris hydrochloride (pH 7.4), 10 mM MgCl2, 1.6 mM NaCl, and 10 mM P-mercaptoethanol.
Preparation of membrane-bound PhoM and its phosphorylation. The membrane fraction containing intact PhoM was prepared from RB791 cells harboring the phoM plasmid (pPM41) that overproduced PhoM (15) . A 30-ml culture of the cells was grown in LB broth containing ampicillin, and synthesis of PhoM was induced by IPTG when the optical density of the culture at 600 nm reached 0.5. The cells were collected after 6 h of incubation with shaking and suspended in a buffer containing 10 mM Tris hydrochloride (pH 7.4), 1 mM EDTA, and 0.25 M sucrose. The cell suspension was sonicated, and undisrupted cells were removed by centrifugation at 17,000 x g for 10 min. The membranes were precipitated by centrifugation at 166,000 x g for 60 min as described previously (9) and suspended in a 0.6 ml of buffer A. Construction of a plasmid that overproduces PhoM-ORF2. Plasmid pINM-2, containing the phoM-orJ2 region downstream of the lpp-lac promoter on pINIIIA3-2 (16), was constructed. Two EcoRI-SacII DNA fragments, one containing the 5'-end coding region of phoM-orf2 and its upstream region and the other containing the 3'-end coding region of phoM-orf2 and its downstream noncoding region, were isolated from the M13-derived phage clones that were used for sequencing of the phoM region (4). They were ligated, digested with EcoRI, and then ligated with EcoRIdigested pINIIIA3-2, giving pINM-2. The DNA sequences of the connecting regions between the vector and the inserted DNA fragment were confirmed by sequencing.
Preparation of the crude cell lysates containing PhoB or PhoM-ORF2. A 5-ml culture of KBW1896 (phoB phoR phoM) cells carrying the phoB plasmid (pINB1) or the phoM-orfJ plasmid (pINM-2) grown in LB broth containing ampicillin was induced for synthesis of PhoB or PhoM-ORF2 by IPTG when the optical density at 600 nm reached 0.5 and incubated overnight with shaking. The cells were washed and suspended in 200 RI of buffer A. The cell suspension was sonicated and centrifuged at 250,000 x g for 60 min, and the supernatant was stored at 4°C.
Other materials. PhoB and PhoR1084 proteins were purified as described previously (13, 14) and suspended in buffer A containing 50%o glycerol.
RESULTS
Complementation of phoM mutations with the lacZ'-'phoM fusion genes. We had difficulty purifying PhoM protein in a functional form for biochemical studies, since it was associated with a membrane fraction and could not be solubilized with mild detergents. Therefore, we intended to construct a lacZ'-'phoM fusion gene that encodes a water-soluble hybrid protein that retains the PhoM activity. We constructed several plasmids encoding fusion proteins with deletions in the putative transmembrane domains in the amino-terminal region of PhoM.
To examine the phoM complementing activity of the lacZ'-'phoM fusion genes, plasmids with the fusion genes were introduced into a phoR68 AphoM strain (BW1896), and production of AP by the transformed colonies was tested on LB broth agar plates containing 5-bromo-4-chloro-3-indolylphosphate, IPTG, and ampicillin. Among the constructs, plasmid encoding the hybrid proteins lacking up to the 205 amino-terminal amino acids of PhoM (PhoM1206) complemented the phoM defect, but the phoMJ278 plasmid, which encodes the hybrid protein lacking the 277 amino-terminal amino acids, did not (Fig. 1B) Autophosphorylation of PhoM1206. We examined whether PhoM has autophosphorylation activity as PhoR (13) . Since the cells with the phoMJ206 plasmid grew well and the plasmid complemented the phoM mutation in a phoR phoM strain for AP synthesis, we purified the chimeric protein (PhoM1206) encoded by the plasmid as described in Materials and Methods. The purified PhoM1206 was incubated with [y-32P]ATP. The y-phosphate of ATP was transferred to PhoM1206, the reaction required both KCl and Mg2" (Fig.   3 ). The phosphorylation of PhoM1206 reached its maximum level within 60 min (data not shown). Since no incorporation of a-phosphate of ATP into PhoM1206 was observed (data not shown), the transfer of the phosphate from ATP to PhoM1206 is not adenylation but phosphorylation, as it is with other regulator proteins of two-component regulatory systems described previously (8, 10, 13, 34) .
Autophosphorylation of the membrane-bound intact PhoM. To examine the phosphorylation of intact PhoM, the membrane fraction of RB791 cells harboring the phoM plasmid (pPM41) that overproduced PhoM (15) was prepared by ultracentrifugation (9) and incubated with ['y-32PIATP. After incubation, the proteins were solubilized with NaOH, since the phospho-PhoM1206 was more stable in alkali (to be described below), and then neutralized with HCl. They were separated by electrophoresis in polyacrylamide gel containing sodium dodecyl sulfate and made visible by autoradiography. A protein with molecular mass corresponding to that of PhoM (52 kDa) was phosphorylated (Fig. 4B) . Western blotting analysis showed that the labeled protein reacted immunologically with polyclonal antibodies against PhoM1206 (Fig. 4C) the phoB, phoM-orf2, or vector plasmid (Fig. 5) . The radioactivity in PhoM1206 was transferred to the proteins with molecular masses corresponding to PhoB (Fig. SA) and PhoM-ORF2 (Fig. SB) , but no protein phosphorylation was detected in the lysate of the cells carrying the vector plasmid (Fig. SC) . The radioactivity in these proteins diminished during subsequent incubation at 30°C. Radioactivity in PhoM1206 did not decrease during the 60-min incubation with the lysate of the cells carrying vector plasmid or without the cell lysate. The phosphorylated protein in Fig. SB was confirmed to be PhoB by Western blotting analysis with polyclonal antibodies against PhoB (data not shown). Purified PhoB also incorporated phosphate from phosphoPhoM1206 (Fig. SD) . The molecular mass of the phosphorylated protein in Fig. SB agreed well with that of PhoM-ORF2 predicted from the DNA sequence (4) . The phosphoPhoM-ORF2 migrated slightly faster than PhoB upon electrophoresis, although both PhoB and PhoM-ORF2 consist of 229 amino acids. Much of the phosphate in PhoM1206 was transferred to PhoM-ORF2 within 2 to 4 min, but slower phosphotransfer from PhoM1206 to purified PhoB or PhoB in the crude extract was observed. Transfer of phosphate from phospho-PhoM1206 to PhoM-ORF2 (straight talk) appeared to be more efficient than that from phosphoPhoM1206 to PhoB (cross talk). Kinetics of phosphotransfer from PhoM1206 to PhoB by the purified system was very similar to those by the crude system ( Fig. 5A and D) .
Phosphotransfer from ATP to PhoM-ORF2 catalyzed by Phosphate was transferred from phospho-PhoRlO84 to PhoB but not to PhoM-ORF2. The radioactive phospho-PhoRlO84 was purified as described previously (13) PhoR1084, lacking the 83 amino-terminal amino, acids of PhoR, was also examined. Radioactive phospho-PhoR1084 was purified as described previously (13) and incubated with the crude extract of KBW1896 (phoB phoR phoM) cells carrying either the phoB (pINB1) or the phoM-orj2 (pINM-2) plasmid. The labeled proteins were analyzed by electrophoresis (Fig. 6) . No transfer of phosphate from PhoR1084 to PhoM-ORF2 was observed, but PhoB incorporated phosphate from phospho-PhoR1084. The result suggests that PhoR may not be able to cross talk to PhoM-ORF2 in vivo.
Phosphorylated residues in phosphorylated proteins. To infer the phosphorylated residues in PhoM1206, the chemical stability of phospho-PhoM1206 was examined under various conditions. The phosphoryl-protein linkage in PhoM1206 was stable at neutral to alkaline pH and unstable in acid and pyridine or hydroxylamine (Fig. 7) . These results are similar to those for phospho-CheA (35), phospho-NRI1 (19) , and phospho-PhoRlO84 (13) and suggest that the phosphate in PhoM1206 is likely to be N linked, presumably phosphohistidine.
There are five histidine residues in PhoM1206 that are candidates for the phosphorylated residue(s).
[32P]phosphoPhoM1206 was hydrolyzed at pH 13, and the hydrolysates were analyzed by chromatography on Dowex 1 with a mixture of the histidines phosphate linked at the N-1 and/or N-3 position. The peak of the radioactivity coincided with that of 3-phosphohistidine (Fig. 8) . Thus, the phosphoryl group of phospho-PhoM1206 is linked at the N-3 position of the imidazole ring in a histidine moiety in PhoM1206.
The chemical stability of phospho-PhoM-ORF2 and phospho-PhoB generated through phosphotransfer from phos- Chemical stability of phospho-PhoM1206. A 10-,ul sample containing approximately 2 pmol of phospho-PhoM1206 (1,500 cpm) was put on 1 cm2 of polyvinylidene paper and then incubated in various hydrolysis buffers as described previously (28) . The paper was removed at the indicated times and rinsed in water, and the remaining radioactivity was measured. Symbols: 0, 0.2 M sodium citrate (pH 2.4) at 45C; 0, 50 mM potassium phosphate (pH 7.0) plus 1 mM dithiothreitol at 45°C; A, 2 M NaOH (pH 13. pho-PhoM1206 was examined. PhoM-ORF2 or PhoB that had incorporated phosphate from phospho-PhoM1206 was electroblotted onto polyvinylidene paper. The paper was cut into four pieces and incubated in the indicated buffers at 37°C for 10 min. Both phospho-PhoM-ORF2 and phosphoPhoB were labile in alkali and rather stable in acid: the respective percentages of remaining radioactivity were 66.5 and 76.5% in 0.1 M HCl, 13.4 and 14.4% in 0.8 M NH2OH, and 0.7 and 4.3% in 0.25 M NaOH. These profiles are the same as those of phospho-PhoB generated by phosphoPhoR1084 (13) and the same as those of phospho-CheY (24) and phospho-NR, (19) , which suggested that the phosphate is linked to an acyl group of glutamate or aspartate. Based on the homology in the conserved amino acid sequences shared by the response regulator proteins (26) , the phosphorylated residue(s) in PhoM-ORF2 and PhoB catalyzed by PhoM1206 is likely to be aspartic acid.
From the above results, we concluded that PhoM is a protein kinase catalyzing the transfer of the -y-phosphate from ATP not only to PhoB but also to PhoM-ORF2 and that PhoM-ORF2 is a response regulator, activated through phosphorylation by PhoM, that activates the transcription of the gene(s) or operon(s) that might be involved in some kind of adaptive response of the cell.
DISCUSSION
The phoM mutation was discovered as causing APphenotype in a nonsense phoR mutant, phoR68, which synthesizes AP constitutively (32, 36) . Therefore, in the absence of functional PhoR, PhoM can replace the positive regulatory function of PhoR in the regulation of the pho regulon. Since PhoR activates PhoB as the transcriptional activator by phosphorylation (13) and PhoM has sequence homology with phoR (2, 26), we suspected that PhoM might also activate PhoB by protein phosphorylation. This work confirmed this hypothesis by showing that phoM phosphorylates PhoB in vitro. However, the cross talk appears to be one way; no cross talk by phosphorylation was observed between PhoR and PhoM-ORF2.
We have presented evidence that PhoM and PhoM-ORF2 belong to families of histidine protein kinases and response regulators, respectively (26) . The homologies of amino acid sequences in these families (2, 17) , together with our present data, suggest that the phosphate-bound residues in PhoM and PhoM-ORF2 are histidine (His-265) and aspartic acid (Asp-54 or Asp-11 or both), respectively.
Wanner discovered clonal variation of AP expression in phoR mutants with the wild-type phoM operon and mapped the mutation pho-510 in the phoM region that abolished the clonal variation and made AP synthesis constitutive in phoR mutants (30, 32) . All of the strains used in this work carried the pho-510 mutation. The notion that PhoM and PhoM-ORF2 may constitute a global regulatory system (4, 26) was strengthened by the observation that PhoM phosphorylates PhoM-ORF2 like the other two-component regulatory systems, many of which constitute global regulatory systems (25) . Since PhoM-ORF1 was suggested to be a periplasmic protein from the deduced sequence (4) and the pho-510 mutation was suggested to be in orfi or orJ2 of the phoM operon (33) , we suggest that pho-510 may be a mutation in phoM-orfl that encodes a periplasmic sensor protein like Pi-binding protein (PstS) that monitor the levels of phosphate in the medium (18) . The mutation in pstS blocks the generation and transduction of the negative signal and makes PhoR constitutively active for phosphorylating PhoB (13, 14). The mechanism of the clonal variation is still a mystery (33) .
There is no cross talk between phoM and PhoB in the pho-510 strains, and PhoR appears to play dominant role in the regulation of the pho regulon. The dominant role of PhoR over PhoM in vivo in regulating activity of PhoB may be explained by the higher activities of PhoR in phosphorylating PhoB with limited phosphate and dephosphorylating phospho-PhoB with excess phosphate compared with the phosphorylating activity of PhoM.
